CCURATE localization of superficial lesions adjacent to the central sulcus is essential for preoperative diagnostic imaging and surgical planning. The prerequisite is the presentation of the brain surface in a manner that allows reliable identification of the central sulcus with adjacent eloquent areas. Standard MR imaging in three orthogonal 2D planes is often sufficient for anatomical identification of sulci and gyri. [15] [16] [17] Nevertheless, problems may occur due to tumor-associated distortions of the anatomy or anatomical variations of the brain surface. Furthermore, it may be impossible to determine the complete localization of large tumors and their relationships to the motor area. To overcome these limitations, fMR imaging and complex surface-rendering algorithms can be used to provide more precise mapping of eloquent areas. [4] [5] [6] [7] 14, [18] [19] [20] These methods are often time consuming, however, and demand dedicated computer systems and the operator's expertise. A novel way of brain-surface reconstruction is BSR imaging. This technically quick and easy postprocessing method opens the entire central sulcus of both hemispheres into a flat plane. 9 The frontoparietal surface relief is displayed as a map with a mirror image-like overview of both hemispheres. In this preliminary study we evaluated whether this new form of surface representation is a suitable tool for the accurate depiction of superficial brain lesions and their relation to the central sulcus and adjacent pre-and postcentral gyri.
fMR imaging performed using the echo-planar T 2 * imaging technique (fast-field echo single-shot echo-planar imaging, TR 5300 msec, TE 50 msec, flip angle 90°, field of view 256 ϫ 256 mm, matrix size 128 ϫ 102, slice thickness 5 mm with a 0.5-mm gap, 22 sections, 128 dynamic images, three dummy images, and an acquisition time of 11 minutes, 31 seconds). The motor paradigm consisted of alternating epochs in which the patient moved his or her tongue along the teeth, tapped fingers, and flexed the toe contralateral to the affected side. Each epoch lasted 5 seconds and there were a total of 128 epochs. No resting condition was implemented. High-resolution volumetric structural imaging was also performed using a T 1 -weighted 3D gradient-echo pulse sequence (TR 20 msec, TE 4.6 msec, flip angle 30˚, inverted turbo field echo prepulse, turbo field echo factor 28, field of view 256 ϫ 192 mm, section thickness 1 mm, matrix size 256 ϫ 256, isotropic 1-mm voxels, 150 contiguous sections, and an acquisition time of 5 minutes, 31 seconds) for anatomical overlay of the functional data.
Postprocessing Technique
Brain Surface Reformatted Imaging. Data sets were transferred in the digital imaging and communications in medicine format to a workstation (EasyVision; Philips Medical Systems) and further processed with appropriate software (EasyVision software [release 4.4] ; Philips Medical Systems) to provide additional surface reconstruction with the CMPR facility. The CMPR facility is a 2D display technique for 3D medical imaging, which is implemented on current modern diagnostic workstations. The mathematical programs are part of the copyrighted software program (EasyVision). For this curvilinear sectioning technique, the 3D data set is represented as reference stacks in three orthogonal planes on a multiplanar display. A user-defined trace along an arbitrary path on any orthogonal image defines a set of pixels in the orthogonal image that have a corresponding row of voxels through the volume image. Each row of voxels for each pixel on the trace can be displayed as a line of a new image, which corresponds to the curved planar structure that lies along the trace.
For BSR imaging in this study the user-defined path ran parallel to the coronal plane and circled the surface contour of the hemispheric convexities (Fig. 1) . The path was delineated interactively with between 8 and 12 positions placed on the top of the cortical gyri. Before fixing a point on the coronal view, its position was adjusted on the other planes to follow the course of the central sulcus. Automatically, an unfolded view of the brain convexity was produced using a stack of 2-mm-thick flattened surfaces at different depths from which the operator selected the best view. Postprocessing required less than 5 minutes. The generated planar 2D BSR image depicted the entire central sulcus and adjacent gyri on both sides in one view (Fig. 2) .
Functional data were analyzed using computer software (BrainVoyager 2000 software; Brain Innovation, Maastricht, The Netherlands) and 2D and 3D functional maps were derived using cross-correlation analysis between the measured and presumed signal time course for each voxel after motion correction. The resting phase for one condition (for example, finger tapping) was defined by the other two conditions (for example, tongue and foot movements). These functional maps were coregistered on the anatomical 3D data set and the site of activation was presented in three orthogonal planes.
Data Analysis
Two experienced neuroradiologists (S.W. and P.R.) defined the precise anatomical locations of the 27 lesions (54 diagnoses) in a blinded fashion while paying special attention to the pre-and postcentral gyri separately for the 2D sectional images and the BSR images. Lesions were presented in random order. For each case, the observers assessed whether their decisions were certain or doubtful and whether localization of the lesions was difficult or easy. The landmarks specified by Naidich and colleagues [12] [13] [14] were used to identify the central sulcus and related frontoparietal gyri. The neuroradiologists first decided independently on anatomical localization and, subsequently, a consensus decision was reached. The anatomical findings were compared with those of fMR imaging. In two cases, fMR images could not be analyzed as a result of patient movement and for these two cases the anatomical findings were compared with intraoperative electrophysiological mapping.
Statistical Analysis
The Cohen kappa statistic and the McNemar test were used to reveal the concordance between BSR imaging and fMR imaging (or intraoperative electrophysiological mapping when appropriate), and to test whether BSR imaging tended to produce a higher rate of incorrect results. Increased sensitivity and specificity of lesion localization in relation to the precentral gyrus were calculated for BSR imaging. The same tests were also applied to evaluate anatomical localization on 2D sectional MR images. In addition to assessing diagnostic accuracy, the interobserver reliability of both methods was evaluated by applying the Cohen kappa statistic. The McNemar test was used to assess differences in the observer's confidence and subjective rating as to whether tumor localization was easy or difficult. An adjusted probability value of 0.00625 was defined as the significance threshold to prevent false-positive results caused by multiple comparisons (Bonferroni correction). Statistical analysis was performed with the aid of statistical software (SPSS version 10.0; SPSS, Inc., Chicago, IL).
Results
All patients underwent surgical removal of their lesions. Functional MR imaging data were evaluated for 25 patients and intraoperative electrophysiological monitoring for two patients. The patients' pre-and postoperative clinical statuses, histopathological characteristics of the lesions, findings on preoperative fMR images, and localization of the lesions on sectional MR images and BSR images are recorded in Table 1 .
Diagnostic Accuracy
The BSR images yielded a perfect concordance with fMR images or intraoperative electrophysiological mapping and optimal diagnostic accuracy in localizing lesions adjacent to the central sulcus (Cohen 1.0; McNemar test p = 1; both sensitivity and specificity 100%). Compared with BSR images, conventional anatomical localization on sectional MR images yielded a lower concordance ( = 0.36, McNemar test p = 0.320) and a lower diagnostic accuracy (specificity 88.8%, sensitivity 100%).
All lesions were correctly localized on the BSR images whereas three lesions were incorrectly localized on standard sectional MR images. In the first case the tumor was situated in the superior frontal gyrus and infiltrated the precentral gyrus rostrally. This was evident on fMR images, intraoperatively, and on BSR images, but standard MR images falsely localized the tumor infiltration further into the postcentral gyrus. In the second case the lesion was located in the inferior parietal lobule and postcentral gyrus, and extended to the central sulcus; standard MR images falsely identified the tumor as being located further in the precentral gyrus and even in the frontal lobe (Fig. 3) . In the third case the tu- mor was situated in the parietal lobe and the postcentral gyrus, standard MR images falsely localized the lesion in the precentral gyrus (Fig. 4) .
Interobserver Reliability and Observer Confidence
The reproducibility or interobserver reliability was higher for the BSR imaging method ( = 1.0, p = 0.000) compared with standard MR imaging ( = 0.35, p = 0.05). Importantly, both observers revealed perfect concordance when they interpreted BSR images, but rated five cases (19%) inconsistently when they examined standard MR images. Moreover, both observers subjectively assigned a higher degree of confidence to their diagnoses when based on BSR images, assessing 52 of 54 diagnoses as certain for BSR images compared with 34 of 54 diagnoses for sectional MR images (McNemar test p = 0.000). Brain surface reformatted imaging was also consistently judged as the method that allowed an easier diagnostic workup; that is, 48 of 54 ratings were judged easy using BSR images compared with 26 of 54 ratings using sectional MR images (McNemar test p = 0.000).
Presurgical Management
Planar brain surface images were routinely incorporated into the surgical management of the 27 patients. In one case, the operative strategy was changed on the basis of additional diagnostic information (localization had remained unclear on standard MR images and functional tests were not possible; Fig. 4 ). In an additional nine cases, data provided by BSR imaging was considered useful in addition to the information gathered by standard MR imaging because the BSR imaging data resolved remaining uncertainties of tumor localization (Figs. 5 and 6). In the remaining cases, BSR imaging was considered time saving and more user friendly than standard MR imaging because the anatomy was depicted in a straightforward manner in one view.
Discussion
A primary aim in the modern neurosurgical approach to cerebral lesions in or adjacent to the central area is to preserve motor function. To achieve this goal, correct preoperative diagnostic and intraoperative strategies are required. The first question to answer is whether a superficial lesion has any close relationship to eloquent motor areas. If so, additional planning involving cortical stimulation mapping or integration of functional data into neuronavigation may follow. 13 To date, however, neither standard MR imaging nor fMR imaging have been consistently reliable methods to determine this relationship. It may be difficult to identify the precentral gyrus on standard MR images when a mass lesion causes a shift and compression of brain structures. Likewise, fMR imaging has methodological drawbacks and errors caused by inadvertent head movement, inadequate patient cooperation, or misregistration between the functional and anatomical data sets.
Therefore, a combination of methods is often used to determine the relationship between a lesion and the motor cortex. We believe that planar BSR imaging constitutes a complementary technique and may provide additional anatomical information in difficult cases.
Standard MR Imaging
In standard structural MR imaging protocols the brain is examined in three orthogonal planes with defined orientations (axial, coronal, and sagittal). These sectional sequences are 2D with user-defined slice thicknesses and interslice gaps, resulting most often in anisotropic voxel sizes. It therefore follows that the spherical brain surface is cut into slices oblique to its convex orientation. In this imaging mode the interrupted central sulcus and adjacent gyri are necessarily incomplete and need to be viewed section by section in the different planes. Recognition of the same gyrus or sulcus from one section may be a challenge even for an experienced observer. Although this technique may not be optimal to portray the brain surface, several neuroradiologists have succeeded in identifying anatomical landmarks in both axial and sagittal MR imaging sections. [15] [16] [17] 20 Characteristic patterns of the frontoparietal surface relief can be identified on axial and sagittal sections. Naidich and colleagues [15] [16] [17] have described anatomical variations of these signs, which may compromise anatomical identification. The main limitation of these preoperative diagnostic studies is that normal brains without cerebral lesions were examined. In patients with tumor-associated distortions, swelling, or infiltration of frontoparietal gyri, the characteristic anatomical landmarks may become unrecognizable. In addition, anatomical variations or tumor-associated destruction of important landmarks may confound the anatomical orientation.
Alternative Methods
The most widely used method to overcome these problems is fMR imaging, which projects functional data from a sequence of slices onto a standardized anatomical 3D space. The problem is that fMR imaging is time consuming and requires specialized and often expensive software and operator expertise. 6, 13 Well-known limitations of preoperative diagnostic fMR imaging include sensitivity to head movement, a requirement for cooperative patients without severe neurological deficits, and potential misregistration between the functional and anatomical data sets. Further advanced methods used in cognitive neuroscience map the brain surface, transferring it to a proportional reference grid system or inflating it into a 2D topological map. 4, [5] [6] [7] 18, 19 The two methods form a framework into which additional experimental data from fMR imaging or molecular imaging can be incorporated. The drawback of unfolding brain convolutions, however, is that anatomical details become distorted. [5] [6] [7] [9] [10] [11] 19 On the other hand, BSR imaging minimizes anatomical distortion by using reformatting techniques, which only flatten the convexity. Another approach to the identification of a specific gyrus or sulcus is to optimize visual recognition. Three-dimensional surface rendering depicts the brain surface as a volumetric display without slicing it, so that gyri are presented as continuous cortical strips. Nevertheless, reconstruction algorithms may fail when tumor or edema obscure the brain relief. Another method used to improve visualization of gyral and sulcal patterns is the Katada display or surface anatomy scanning. 12 Using a strongly T 2 - weighted 80-mm-thick MR imaging section and blackwhite reversal, a relief picture of the brain surface is created. A drawback of this system is that it only shows a part of the brain surface, for example, the upper convexity.
Brain Surface Reformatted Imaging. Brain surface reconstruction modes with CMPR were first implemented to improve the anatomical display of focal cortical dysplastic lesions. 2, 3 The use of this method on standard software to identify frontoparietal gyri by recognizing specific surface patterns has recently been described. 10 This reconstruction mode allows the 2D unfolding of a spherical brain surface from the coronal orientation into a flat plane. The resulting images allow the complete longitudinal visualization of the curving central sulcus with adjacent gyri and sulci. On this view, the interhemispheric fissure coursing from the frontal to the parietal lobe forms the midline of these planes and the sylvian fissures of both hemispheres constitute the lateral margins. Reformatted images are not a holistic depiction of the entire brain cortex, but are typically limited in shape to the frontoparietal surface along the manually drawn curve. The CMPR method is able to create BSR images, which demonstrate the topology of the leg motor cortex and its 
FIG. 3. Upper:
Magnetic resonance image incorrectly localizing a glioblastoma multiforme due to anatomical variations in the perisylvian region. Lower: A BSR image revealing some anatomical variations in the landmarks. Adjacent to the ill-defined anatomy of the perisylvian gyri and sulci, the central sulcus is interrupted and the superior frontal sulcus does not reach the precentral sulcus in the right hemisphere. On the left, the superior frontal sulcus is bridged by an additional gyrus. Nevertheless, other landmarks can be used to localize the tumor in the inferior parietal lobule and the postcentral gyrus. In addition, the enhancing part of the tumor is seen in the central sulcus.
relationship to lesions if the reconstruction path follows the surface of the paracentral sulcus instead of crossing the midline; however, these reconstruction views are more complex than standard BSR images (Fig. 7) .
Advantages of BSR Imaging
This flat brain surface map offers several advantages over other available methods. 1) The surface anatomy of the frontoparietal gyri and sulci is shown in one view, so that localization of a lesion can be made directly, sparing a laborious analysis of several cross-sectional images in multiple planes.
2) The continuous presentation of gyri and sulci avoids the problem of losing track of these anatomical structures in discontinuous sections. 3) Anatomical landmarks used to identify frontoparietal sulci and gyri are shown simultaneously, allowing them to be utilized together. A synopsis of all the landmarks allows the identification of brain structures, even when anatomical variations or tumor-associated distortions are present. 4) A mirror imagelike presentation of both hemispheres helps reveal characteristic patterns of the surface anatomy, even allowing for well-known physiological asymmetries. 5) Even when tumors extend extensively along the brain surface, their relationship to eloquent areas can be shown (Fig. 6 ).
An important advantage of this method lies in its simplicity. Extensive operator time and knowledge are not required and special software devices are not needed. The CMPR mode is implemented in standard software programs (for example, EasyVision and Vitrea software) and specifies a curved plane within the 3D source data set, which follows the long axis of a curving structure. The only notable technical necessity is a high-resolution 3D sequence with approximately isotropic voxels, allowing 2D reconstructions in every orientation without anatomical disruptions.
Interpretation of the Study Results
The results of our study indicate that BSR imaging localizes more lesions accurately than sectional MR imaging. A perfect concordance with fMR images increases the diagnostic value of anatomical MR images beyond that of standard 2D sectional views, especially for lesions located in the middle or lower convexity. The low interobserver concordance for standard MR imaging reflects the uncertainty of the neuroradiologists concerning correct localization on cross-sectional images. Looking specifically at the three falsely located lesions, two images revealed anatomical variations in the central sulcus region, which made precise localization of the normal anatomy and lesions difficult. By contrast, BSR images allowed the observer to see all landmarks on a single view for identification of anatomical variations and lesion location. Considering the well-known interindividual anatomical variability of the lower and middle convexity, BSR images allowed anatomical mapping even in the perisylvian region by means of landmarks of the high convexity. 3 The third lesion, which produced a considerable mass effect, was not accurately located on standard MR images because the surface relief was distorted. Brain surface reformatted images depicted well-recognizable landmarks of uninvolved regions, which clarified the relationship between the tumor and the precentral gyrus. An obvious advantage of the new method is the facilitation by the observer. Significantly more cases were judged easy and certain by using the flattened brain surfaces compared with cross-sectional images. Lesions for which localization was judged difficult and/or doubtful in cross-sectional images had the following characteristics: 1) a considerable mass effect (seven of 15 lesions) with a shift and/or distortion of the pre-and postcentral gyrus; 2) tumor infiltration or edema of the pre-or postcentral gyrus (nine of 15 lesions); and 3) anatomical variations in the region of the tumor (three of 15 lesions).
Limitations of BSR Imaging
Despite these advantages, some limitations of the method have to be considered. On the BSR image only the brain surface is mapped and, therefore, tumors extending into deep white matter cannot be completely depicted. For example, tumor (or edematous) infiltration of the pyramidal tracts cannot be assessed on these maps. This is a disadvantage because the BSR image is used to situate tumors in direct relation to central sulcus as a supplement to standard sectional MR images, which demonstrate the deep extension of the lesion. For an accurate assessment of white matter involvement, additional diffusion-weighted images can provide more detail.
14 When BSR imaging is used for surgical planning, it is critical to remember that the curved surface reformation stretches the brain convexity to a planar view and produces a noncartesian coordinate map, which distorts anatomical distances. 8 This 2D reformation is limited in shape to an extrusion of the manually drawn planar curve, more precisely to the frontoparietal convexity from the midline to the sylvian fissure, and 3D information is lost when this map is generated. Therefore, it is technically impossible to import a BSR image into an image guidance system.
A BSR image reconstruction is based on an isovolumetric T 1 -weighted 3D data set. High-resolution T 1 -weighted sequences allow optimal appraisal of the neuroanatomy and enhancing lesions; however, most unenhancing lesions are better detected on T 2 -weighted or fluid-attenuated inversion recovery sequences. Planar BSR images could be obtained as well on volumetric new fast T 2 -weighted or fluid-attenuated inversion-recovery sequences, when better lesion contrast is needed. 1 Finally, it should be stressed that planar BSR is designed to be a diagnostic tool to aid neurosurgeons in making therapeutic decisions. It is not intended to replace standard preoperative diagnostic MR imaging, to compete with intraoperative neuronavigation and monitoring, or to replace fMR imaging. In our study, BSR imaging was used to determine the spatial relationship between a lesion and the precentral gyrus as an anatomical structure, whereas fMR imaging revealed the functional spatial relationship between a lesion and the primary motor areas. The perfect concordance of the BSR imaging findings with the results of fMR imaging has to be interpreted accordingly. The ability to localize the exact site of motor function for the hand, foot, and tongue within the precentral gyrus, to diagnose language lateralization, and to show sites of neural plasticity remains the unique purview of fMR imaging.
Conclusions
The results of this study show that the use of CMPR to create BSR images is an accurate and reliable method to localize superficial brain lesions in relation to the precentral gyrus. Easy and fast postprocessing with standard software as well as visualization of the entire central sulcus distinguishes BSR imaging from other localizing methods. In our The precentral gyrus, including the paracentral leg motor cortex, is distorted and shifted backwards by a meningioma extending over the parasagittal convexity.
